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MELT PROCESS FORMATION OF POLYMER NANOCOMPOSITE 
OF EXFOLIATED LAYERED MATERIAL 


5 1. Field of the Invention 

This invention relates to a process for forming a 
composite material comprising a polymer matrix having 
dispersed therein platelet particles, derived from 
swellable intercalated layered materials, and to 
10 composite material formed by the process of this 

invention. More particularly, this invention relates 
to such a process where the intercalated layered 
material has layers which are compatible with the 

T>/"\1 vmo** r\-p HKVva wa^i-i v aivftVi 4-W-»4» j3.v»-*»4 4-1**** 

15 polymer-compatible layers of the intercalated material 
dissociate one from the other to form platelet fillers, 

2. Prior Art 

A specific category of polymer nanocomposites has 

20 been described as a composite material comprising a 

polymer matrix containing a polyamide having uniformly 
dispersed therein layers of silicate. Such 
nanocomposites are described in US Pat No. 4,739,007 
and No. 4,810,734, Deutsches Pat. 3808623 Al, Japanese 

25 Patent J 02 208358 A, and technical publications by the 
patentees ( J. Inclusion Phenomena 5. (1987), 473-483; 
Clav Minerals . 23 . (1988) ,22; Polym. Preprints , 32, 
(April 1991), 65-66; and Polym. Prints , 28 f (August 
1987)7' 447-448. 

30 

SUMMARY OF THE INVENTION 
This invention relates to a process for forming a 
polymeric composite which comprises platelet particles 
dispersed in a polymeric matrix which comprises the 
35 steps of: 

(a) forming a "flowable mixture 11 comprising a 
melt-processible polymer and a swellable and polymer- 
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compatible intercalated layered material having layers 
that are compatible with said polymer which are 
compatibilized with one or more "effective 
swelling/compatibilizing agents" selected from the 
5 group consisting of cations of the formula: 
+ NH 3 R,, + NH2R2R 3 and ^R^R^R? wherein: 

R 1 is an organic radical having at least about 12 
aliphatic carbon atoms; 

Rj and R 3 are the same or different and are organic 

10 radicals having at least about 5 carbon atoms; and 

R4, R 5 , R^ and R 7 are the same or different and are 
organic radicals including at least one which has at 
least about 8 aliphatic carbon atoms; and 

(b) subjecting said mixture to a shear having a 

15 shear rate which is sufficient to dissociate all or a 
portion of said layers one from the other to form 
platelet particles having an average thickness equal to 
or less than about 50 A, and preferably having a 
maximum thickness of about 100 A, and to uniformly 

20 disperse said platelet particles in said polymer to 
form said polymer composite. 

As used herein, "melt processing temperature" means 
the polymer has a melt viscosity of less than about 
5000 Pascal se at a shear rate of 100 sec -1 as measured 

25 by capillary rheometry when the polymer is in the melt. 
The process is directed toward preparation of 
polymer composites wherein the dispersed phase 
comprises platelet particles having two flat opposite 
faces r - the thickness of which particles is the distance 

30 between these faces. The thickness is relatively small 
compared to the size of the flat opposite faces. 
Dispersing such finely divided platelet particles 
imparts a very large area of contact between polymer 
and particles for a given volume of particles in the 

35 composite and a high degree of homogeneity of the 

composite with respect to the particular effect of the 
dispersed particles. Platelet particles of high 
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strength and modulus, dispersed at sub-micron size 
(nanoscale) , impart greater mechanical reinforcement to 
the polymer matrix than do comparable loadings of 
conventional reinforcing fillers of micron size. 
5 Nanoscale barrier layers impart lower permeability to 
polymers than do comparable loadings of conventional 
barrier fillers. 

The process of this invention exhibits several 
advantages over monomer blending and polymerizing 
10 processes of the type described in U.S. Patent Nos. 

4,810,734 and 4,739,007, also referred to herein as in- 
reactor processes. These advantages include utility 
for a broader range of matrix polymers; utility for a 
wider range of composites having the same matrix 
15 polymer due to a larger selection of 

swelling/compatibilizing agents, each having a distinct 
bonding interaction with both the polymer and the 
platelet particle; and greater control over the 
molecular weight distribution of the matrix polymer. 
20 For example, virtually any polymer material that can be 
made to flow can be compounded with nanoscale particles 
derived from intercalated layered materials which 
exfoliate during mixing in accordance with the process 
of this invention. In contrast, the monomer blending 
25 and polymerizing processes of the prior art are 

restricted to polymers whose monomers are compatible 
with layered materials and can be polymerized 
effectively in the presence of the layered material. 
In the process of the present invention, the 
30 compounding entails no special conditions specific to 
selected polymer molecular weight distributions. On the 
other hand, in-reactor processes of the prior art 
require special polymerization conditions for each 
selected molecular weight distribution due to the 
35 effect of a dispersed phase on reaction mixture 

viscosity and polymerization kinetics. Virtually any 
loading of intercalated layered material is possible in 
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the process of this invention , whereas in-reactor 
compounding of the prior art processes may be 
practically limited to loadings that permit 
polymerization to proceed to a selected molecular 
5 weight . 

Another advantage results from the fact that the 
swelling/compatibilizing agents used in this invention 
are secondary and primary ammonium and quaternary 
phosphonium cation complexes containing specific number 

10 of aliphatic carbon atoms. Use of these 

swelling/compatibilizing agents provides for several 
advantages over other process where the 
swelling/compatibilizing agents are tertiary and 
quaternary ammonium cation complexes, and secondary and 

15 primary ammonium and quaternary phosphonium cation 

complexes containing less than the required number of 
aliphatic carbon atoms. For example, the specific 
swelling/compatibilizing agents of this invention cover 
the layers of the layered materials to render their 

20 surfaces more organophilic than those compatibilized by 
tertiary and quaternary ammonium cation complexes and 
those compatibilized with secondary and primary 
ammonium cation complexes and quaternary phosphonium 
cation complexes having less than the required number 

25 of aliphatic carbon atoms. The specific 

swelling/compatibilizing agents of this invention 
facilitate exfoliation of the layered material into 
platelet particles in the polymer melt employing 
reduced shear mixing resulting in less decomposition of 

30 the polymer and reduction in molecular weight. The 
specific swelling/compatibilizing agents of this 
invention are more heat stable than other cationic 
swelling/compatibilizing agents such as tertiary and 
quaternary ammonium cation complexes and secondary and 

35 primary ammonium and quaternary phosphonium cationic 
complexes having less than the specified number of 
aliphatic carbon atoms. The result is that the 
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swelling/ compatibilizing agents of this invention do 
not substantially decompose at melt processing 
temperatures equal to or gr ater than about 220 # C into 
lower molecular weight materials which degrade polymers 
5 in the matrix or which are hazardous, either as vapors 
evolved during melt processing, or in articles such as 
films in food and drug packing. 

As a further advantage of the present process, 
unreacted monomer can be removed prior to forming the 
10 nanocomposite. This facilitates monomer removal, for 
example by solvent extraction, since dispersed 
particles can interfere with this process. 

Another aspect of this invention relates to a 
composite material comprising a polymeric matrix which 
15 comprises a melt processible polymer having uniformly 
dispersed therein platelet particles having an average 
thickness equal to or less than about 50 A and 
preferably having a maximum thickness equal to or less 
than about 100 A, said platelets having surfaces which 
20 are compatibilized with one or more "effective 

swelling/compatibilizing agents" selected from the 
group consisting of cations of the formula: 
+ NH 3 Rj, +NH2R2R3 and + PH 4 R 5 R 6 R 7 wherein: 

Ri is an organic radical having at least about 12 
25 aliphatic carbon atoms; 

R2 and R3 are the same or different and are organic 
radicals having at least about 5 carbon atoms; and 

R4, R5, R$ and R 7 are the same or different and are 
organic radicals having at least one which has at least 
3 0 about 8 aliphatic carbon atoms. 

The polymeric compositions of this invention 
exhibit one or more advantages over prior art 
composites as for example those described in U.S. 
Patent Nos, 4,739,007; 2,531,396 and 4,410,734; 
35 Deutsches Pat. 3,808,623 Al; Japanese Patent No. 

02208358A and EPA 0,398,551; 0,358,415; 0,352,042 and 
0,398,551. For example, the composite of this 
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invention exhibits improved properties such as improved 
tensile yield strength, tensile modulus and/or ultimate 
elongation. In addition, they exhibit superior ability 
to fix acidic dyes. 

5 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
OF THE INVENTION 
The first step of this invention comprises forming 
a "flowable mixture" comprising one or more polymers in 

10 a "polymer melt" and at least one "swellable and 

polymer-compatible intercalated layered material" which 
comprises polymer-compatible layers that are compatible 
with said polymers. As used herein, a "flowable 
mixture" is a mixture which is capable of flowing at 

15 the submicron scale so that the layered materials may 
exfoliate into platelet particles comprising individual 
or a small multiple of layers, which may in turn 
disperse within the polymer mixture. As used herein, a 
"polymer melt" is a melt processible polymer or mixture 

20 of polymers which has been heated to a temperature 

sufficiently high to produce a viscosity low enough for 
submicron scale mixing to occur. Temperatures used in 
the first step are not critical and can be varied 
widely as desired provided that the polymer employed is 

25 in the state of a polymer melt. In the preferred 
embodiments of the invention, process temperature 
should be at least as high as the melting point of the 
particular polymer employed, and below the degradation 
temper ture of the polymer. In the more preferred 

30 embodiments of this invention, where the polymer is a 
thermoplastic polymer, the process temperature is such 
that the polymer will remain in the polymer melt during 
the conduct of the process. 'In the case of a 
crystalline thermoplastic polymers, the temperature is 

35 above the polymer's melting temperature. For example, 
a typical nylon 6 having a melting point of about 
225 °C can be melted in an extruder at any temperature 
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equal to or greater than about 225 *C, ais for example 
between about 225°c and about 325°C. For nylon 6, a 
temperature of preferably from about 250°c to about 
260°C is normally employed. In the cases of amorphous 
5 thermoplastics and vulcanizable rubbers , it is a 

temperature at which the viscosity is sufficiently low 
that processing of the polymer can be performed by 
conventional means. 

The manner in which the flowable mixture is formed 

10 is not critical and conventional methods can be 

employed. For example, the flowable mixture can be 
prepared through use of conventional polymer and 
additive blending means, in which the polymer is heated 
to a temperature sufficient to form a polymer melt and 

15 combined with the desired amount of the intercalated 
layered material in a granulated or powdered form in a 
suitable mixer, as for example an extruder, a Banbury 
Mixer, a Brabender mixer, a continuous mixer and the 
like. The polymer melt containing nano-dispersed 

20 delaminated layered material may also be formed by 
reactive extrusion in which the layered material is 
initially dispersed as aggregates or at the nanoscale 
in a liquid or solid monomer and this monomer is 
subsequently polymerized in an extruder or the like. 

25 Such monomer or other reactive solid or liquid 
dispersion can be injected into a polymer melt 
containing one or more polymers in an extruder or other 
mixing device. The injected liquid may result in new 
polymer or in chain extension or grafting to the 

30 polymer initially in the melt. Alternatively, the 
polymer may be granulated and dry mixed with the 
intercalated layered material, and thereafter, the 
composition may be heated in a mixer until the polymer 
is melted forming the flowable mixture. As described 

35 above, the flowable mixture is, in the second step, 

subjected to a shear in a mixer sufficient to form the 
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dispersed nanocomposite structure of platelet particl s 
in the polymer melt, and' it is thereafter cooled. 

Best results are generally obtained when the 
flowable mixture includes as little water as possible 
5 in order to avoid hydrolytic cleavage of the polymer 
and/or generation of void defects. Some polymers such 
as polyolefins can tolerate more than about 0.25% water 
by weight during melt processing, while others (such as 
condensation polymers as for example polyamides and 

10 polyesters) may be degraded if processed with water 
content greater than about 0.1% by weight. 
Consequently, in the most preferred embodiments, both 
the polymer and the intercalated layered material are 
rigorously dried and contain substantially no water. 

15 Ideally, the intercalated layered material is free of 
water that can be desorbed at temperatures up to the 
processing temperature. However, good results can be 
obtained when the intercalated layered material 
contains as much as about 2% by weight water and 

20 comprises less than about 5% by weight of the flowable 
mixture. For compounding with condensation polymers, 
the intercalated layered material preferably contains 
less than about 1% by weight , more preferably less 
than about 0.5% by weight water and most preferably 

25 less than about 0.25% by weight water. 

As a first essential ingredient, the flowable 
mixture includes a "swellable and polymer-compatible 
intercalated material". As used herein, a "swellable 
and pQlymer-compatible intercalated layered material" 

30 is a swellable layered material intercalated by a 

neutral or ionic intercalant or intercalants which act 
to weaken the interlayer cohesive energy by swelling 
the interlayer distances and which function to increase 
the compatibility and bonding of the layers with the 

35 polymer matrix by having attractive interactions with 
both the layers and the polymer. 
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Swellable layered materials are materials 
comprising planar layers arrayed in a coherent, 
coplanar structure, where the bonding within the 
layers, is stronger than the bonding between the layers 
5 such that the materials exhibit increased interlayer 
spacing in their intercalation compounds. The 
effective swelling/compatibilizing agents may be 
introduced into the interlayer spaces by either 
t£> J insertion, in the case of neutral molecules, or ion 
exchange, in the case of ions. The effective 
swelling/compatibilizing agents may be introduced in 
the form of a solid, liquid, gas, or solute. The 
effective swelling/compatibilizing agents may be 
introduced into the spaces between every layer, nearly 
15 every layer, or a large fraction of the layers of the 
layered material such that the resulting platelet 
particles comprise less than about 10 layers in 
thickness. The platelet particles are preferably less 
than about 8 layers in thickness, more preferably less 
20 than about 5 layers in thickness, and most preferably, 
about 1 or 2 layers in thickness. 

Any swellable layered material having the above 
referenced characteristics may be used in the practice 
of this invention. Useful swellable layered materials 
25 include phyllosilicates. Illustrative of such 
materials are smectite clay minerals such as 
montmorillonite, nontronite, beidellite, volkonskoite, 
hector ite, saponite, sauconite, magadiite, and 
kenyaite; vermiculite; and the like. Other useful 
30 layered materials include illite minerals such as 
ledikite and admixtures of illites with the clay 
minerals named above. Other useful layered materials, 
particularly useful with anionic polymers, are the 
layered double hydroxides, such as Mg 6 Al 3 ^(OH)ig.8(C0 3 ) I y 
35 H 2 0 (see W.T. Reichle, J. Catal., 94 (12985) 547), 

which have positively charged layers and exchangeable 
anions in the interlayer spaces. Other layered 
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materials having little or no charge on the layers may- 
be useful in this invention provided they can be 
intercalated with swelling agents which expand their 
interlayer spacing. Such materials include chlorides 
5 such as ReCl 3 and FeOCl, chalcogenides such as TiS 2/ 
MoS 2 , and MoS 3/ cyanides such as Ni(CN) 2/ and oxides 
such as H 2 Si 2 0 5/ V 6 0 13/ HTiNb0 5/ Cr 0J V 0J S 2 , W 02 V 2 8 O 7 , Cr 3 0 8 , 
Mo0 3 (OH) 2/ VOP0 4 -2H 2 0, CaP0 4 CH 3 -H 2 0 , MnHAs0 4 -H 2 0, Ag$Mo 10 O 33 , 
and the like. 

10 Preferred swellable layered materials are those 

having charges on the layers and exchangeable ions such 
as sodium cations , quaternary ammonium cations, calcium 
cations and the like between the layers which can be 
intercalated by effective swelling/compatibilizing 

15 agents by an ion exchange mechanism. More preferred 
layered materials are those having negative charges or 
basic sites on the layers, preferably at least about 20 
basic sites per 100 g of material, more preferably at 
least about 50 basic sites per 100 g of material and 

20 most preferably from about 50 to about 120 basic sites 
per 100 g of material. Most preferred swellable 
layered materials are phyllosilicates having a negative 
charges on the layers ranging from about 0.2 to about 
0.9 charges per formula unit and a commensurate number 

25 of exchangeable cations in the interlayer spaces. 

Particularly preferred layered materials are smectite 
clay minerals such as montmorrillonite, nontronite, 
beidellite, volkonskoite, hectorite, saponite, 
saucoivlte, magadiite, and kenyaite, with hectorite and 

30 montmorilonite having from about 20 basic sites to 
about 150 basic sites per 100 g material being the 
layered material of choice. 

Swellable layered materials, such as the preferred 
smectite clay materials generally require treatment by 

35 one or more intercalants to provide the required 

interlayer swelling and/or polymer compatibility. The 
resulting interlayer spacing is critical to the 


WO 93/04117 


PCT/US92/06732 


11 

performance of the intercalated layered material in the 
practice of this invention and interlayer spacing must 
be sufficiently large to allow for the desired 
exfoliation of the layers during the process. As used 
5 herein the "inter-layer spacing" refers to the distance 
between the faces of the layers as they are assembled 
in the intercalated material before any delamination 
(or exfoliation) takes place. The preferred clay 
materials generally include interlayer or exchangeable 
10 cations such as Na + , Ca +2 , K + , Mg +2 and the like. In 
this state, these materials do not delaminate in host 
polymer melts regardless of mixing, because their 
interlayer spacings are usually equal to or less than 
about 4 A consequently the interlayer cohesive energy 
15 is relatively strong. Moreover, the metal cations do 
not aid compatibility between layers and the polymer 
melt. In the preferred embodiments, these layered 
materials are intercalated by swelling agents of 
sufficient size to increase interlayer spacing to the 
20 desired extent. In general,, the interlayer spacing 
should be at least about 4 A, as determined by x-ray 
diffraction, in order to facilitate delamination of the 
layered material at the nanoscale. In the preferred 
embodiments of the invention, the interlayer spacing is 
25 at least about 6 A and more preferred interlayer 
spacings are at least about 8 A. Most preferred/ 
interlayer spacings are equal to or greater than about 
10 A. In the embodiments of choice interlayer spacings 
are at least about 15 A. 
30 in order to further facilitate delamination of 

layered materials into platelet particles and prevent 
reaggregation of the particles, these layers are 
intercalated by the effective swelling/compatibilizing 
agents of this invention. These agents consist of a 
35 portion which bonds to the surface of the layers and 

another portion which bonds or interacts favorably with 
the polymer in the matrix. The agent of this invention 
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remains bonded to the surface of the layers during and 
after melt processing as a distinct interphase that is 
different from the bulk of the polymer matrix. Such 
agents preferably include a moiety or moieties which 
5 interact with the surface of the layers displacing , 
totally or in part, the original metal ions and which 
bonds to the surface of the layers; and includes a 
moiety or moieties whose cohesive energies are 
sufficiently similar to that of the polymer that the 

10 surface of the platelets is made more compatible with 
the polymer, thereby enhancing the homogeneity of the 
dispersion in the polymeric matrix. As used herein 
"compatible" refers to the extent to which the polymer 
matrix and the surface coating on the platelet 

15 particles (the compatibilizing agent) have a favorable 
interaction which promotes the intermingling of the 
matrix polymer and the surface layer in the interphase 
region. Compatibility derives from one or more of the 
following criteria: similar cohesive energy densities 

20 for the polymer and the derivatized platelets, similar 
or complimentary capacities for dispersive, polar, or 
hydrogen bonding interactions, or other specific 
interactions, such as acid/base or Lewis-acid/Lewis- 
base interactions. Compatibilization will lead to an 

25 improved dispersion of the platelet particles in the 
matrix and an improved percentage of delaminated 
platelets with a thickness of less than 50 A. 

The nature of the swelling/compatibilizing agent, 
swelling agent and/or compatibilizing agent will vary 

30 widely depending on the particular polymer and the 
particular layered material. The effective 
swelling/compatibilizing agent of this invention is 
selected from the group consisting of cations of the 
formulas : 

35 

+ NH 3 R,, + NH 2 R 2 R 3 and + PR 4 R 5 R 6 R 7 

wherein: 
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R x is an organic radical having at least about 12 
aliphatic carbon atoms; 

R 2 and R 3 are the same or different and are organic 
radicals having at least about 5 carbon atoms; and 
5 R4, R 5 , R* and R 7 are the same or different and are 

organic radicals of which at least one has about 8 
aliphatic carbon atoms. 

Such ammonium and phosphonium radicals are well 
known in the art and can be derived from the 
10 corresponding amines and phosphines using conventional 
processors . 

Illustrative of such suitable R,, R 2 , R 3 , R*, R 5 , R* 
AND R 7 groups are suitable organic radical as for 
example alkyl, such as methyl, ethyl, y<*eSTi> nonyl, 

15 tert-butyl, neopentyl, isopropyl, < ^ec-buty3 j # dodecyl 
and the like; alkenyl such as 1-propenyl, 1-butenyl, 
1-pentenyl, 1-hexenyl, 1-heptenyl, 1-octenyl and the 
like; alkoxy such as propoxy, butoxy, methoxy, 
isopropoxy, pentoxy, nonoxy, ethyoxy, octoxy, and the 

20 like; cycloalkenyl such as cyclohexenyl , cyclopentenyl 
and the like; alkanoylalkyl such as butanoyloctadecyl, 
pentanoylnonadecy 1 , octanoyl pentadecyl, 
ethanoylundecyl, propanoyljtiexadecyl and the like; 
amino; aryl such aafphenyiy naphthyl and the like; 

25 alkylaryl such as noiiy±i5Iienyl, octylphenyl tert- 
butylphenyl and like; alkylaminoalkyl, such as 
methylamino octadecyl, ethylamino pentadecyl, 
butylamino nonadecyl and the like; dialkylaminoalkyl, 
such as dimethylamino octadecyl, methylethylamino 

3b nonadecyl and the like; arylaminoalkyl such as 

phenylamino octadecyl, p-methylphenylamino nonadecyl 
and the like; diary laminoalkyl, such as diphenylamino 
pentadecyl , p-nitrophenyl-p 1 -methy lpheny iamino 
octadecyl and the like; alkylarylaminoalky 1 , such as 

35 2 -pheny 1-4 -methylamino pentadecyl and the like; 

alkylsulfinyl, alkylsulfonyl, alkylthio, arylthio, 
arylsulfinyl, and arylsulfonyl such as butylthio 
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octadecyl, neopentylthio pentadecyl, methylsulf inyl 
nonadecyl, benzylsulf inyl pentadecyl, phenylsulf inyl 
octadecyl, propylthiooctadecyl, octylthio pentadecyl, 
nonylsulfonyl nonadecyl, octylsulf onyl hexadecyl, 
5 methylthio nonadecyl, isopropylthio octadecyl, 

phenylsulf onyl pentadecyl, methylsulf onyl nonadecyl, 
nonylthio pentadecyl, phenylthio octadecyl, ethylthio 
nonadecyl, benzylthio undecyl, phenethylthio 
pentadecyl, sec-butylthio octadecyl, naphthylthio 

10 undecyl and the like; alkoxycarbonylalkyl such as 

methoxycarbonyl, ethoxycarbonyl, butoxycarbonyl and the 
like; cycloalkyl such as cyclohexyl, cyclopentyl, 
cyclo-octyl, cycloheptyl and the like; alkoxyalkyl such 
as methoxy -methyl, ethoxymethyl , butoxymethy 1 , 

15 propoxyethy 1 , pentoxybutyl and the like; aryloxyalkyl 
and aryloxyaryl such as phenoxyphenyl , phenoxymethyl 
and the like; aryloxyalkyl such as phenoxydecy 1 , 
phenoxyoctyl and the like; arylalkyl such as benzyl, 
phenethyl, 8-phenyloctyl, 10-phenyldecyl and the like; 

20 alkylaryl such as 3 -decy lpheny 1 , 4-octylphenyl, 4- 

nonylphenyl and the like; aliphatic acid functions such 
as -Cal^COOH, -C 5 H 10 COOH, -C^oCOOH, -CyHnCOOH, - 
G>H 18 COOH, -CnH^COOH, -C^H^COOH, -C 15 H 30 COOH and -CnH^COOH 
and a moiety of the formula: 

25 

(-ZCHj-CHR^-ZR, 

wherein R 8 is alkyl, cycloalkyl, aryl, is hydrogen, 
alkyl or aryl, q is an integer equal to or greater 

30 than 1 and Z is -0- or -NR I0 -, where R 10 is hydrogen, 
alkyl, aryl or alkylsilane and the like. 

Useful swelling/compatibilizing agents may be non- 
reactive wit the polymer matrix but having certain 
attractive interactions with the polymer matrix such as 

35 entanglements, hydrogen bonding, or other specific 

interactions such as acid/base or Lewis acid/Lewis base 
interactions and the like. Other useful 
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swelling/compatibilizing agents are reactive with a 
polymeric component in the polymer to form covalent 
bonds between matrix the swelling/compatibilizing agent 
and the polymeric component , or, in the case of 
5 secondary ammonium cations and quaternary phosphonium 
cations may include both reactive and non-reactive 
moieties. Useful reactive swelling/compatibilizing 
agents includes one or more substituents selected from 
the group consisting of organic radicals which are 

10 compatible with the polymer forming the composite and 
which has substituents which are reactive with the 
polymer such as nucleophilic or electrophilic moieties 
which are capable of electrophilic or nucleophilic 
displacement reactions coupling and ring opening 

15 reactions and the like as for example amino, carboxy, 
carboxylic acid, oxide, alkenyl, acelylene, 
acylhalide, acyloxy, hydroxy, isocyanato, ureido, halo, 
epoxy, epichlorohydrin, sulfuryl halide, mercapto, 
ester, and the like. 

20 Swelling/compatibilizing agents containing reactive 

substituents are well known in the art and are 
selected for particular classes of matrix polymers 
based on the reactivity and specifically of the 
reactive moiety. For example polyamides are acid 

25 terminated and/or amine terminated and polyesters are 
acid terminated or hydroxy terminated. Thereof, 
reactive function groups which react with acid, amine 
or hydroxy functions to form covalent bonds can be 
conveniently used with polyesters and polyamides. 

30 Specific reactive functions such as -NH 2 , -N=C=0, - 
CONH 2 , -OH, 0"M + (where M is a metal cation), -C(0)X 
(where X is CI, Br, or I) and the like in the reactive 
silane compound react with reactive functionalities 
contained in polyesters and polyamide. Similarly, 

35 swelling, compatibilizing agents of this invention 

containing functions such as -NH 2 , CH 2 -X (where X is CI, 
Br or I), -CH 2 =CH 2 ,-SH, S*M + (where M + is a metal cation 
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such as Na + , Li + and K + ) and S 4 H can be conveniently 
reacted with polyolefins and halogenated polyolefins 
such as polyethylene , polypropylene, 

poly(chlorotrif luoroethylene) or polyolefin elastomers 
5 to form covalent bonds between the polyolefins and the 
reactive silanes. Likewise, polyvinyls such as 
poly (vinyl chloride) , poly (co-ethylene vinyl alcohol) 
and the like can be reacted with 
swelling/compatibilizing agents of this invention 
10 containing -NH 2 , -CH 2 -S (wherein X is CI, Br and I) -OH, 
-OM + (where M is a metal cation such as LI + , Na + and 
K + ) , and the like to form covalent bonds between the 
polymers and the swelling/compatibilizing agent of this 
invention. 

15 Layered material derivatized with primary ammonium 

cations having less than 12 carbons are less preferred 
in most polymer mets except with exhaustive shear 
mixing. More preferred are those having 16 or more 
carbons. Most preferred are those having 18 or more 

20 carbons and those having more than one ammonium cation 
group. Illustrative of primary ammonium cations are 
protonated primary amines such as octadecylamine, 
arginine and diamine terminated polyethylene telomere 
(molecular weight of about 2600, ACX 614 obtained from 

25 Allied-Signal) . 

Organic radicals preferred secondary ammonium 
cations are those having four or more carbons. Most 
preferred are those having five or more carbons and 
those having more than one ammonium group. 

30 Illustrative of these secondary ammonium cations are 
protonated amines such as dipentyl amine, 
bis (ethylhexyl) amine, piper idine, piperazine, 
hexamethyleneimine, and partially protonated 
polyethyleneimine. Secondary ammonium cations may 

35 comprise that one or more polymer-reactive moieties. 
Illustrative of preferred secondary ammonium cations 
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that are polymer-reactive are protonated 11- 
(hexylamino)undecanoic acid and bis (8-hexanol) amine. 

Organic radicals preferred in phosphonium cations 
are disclosed in U.S. Patent No. 4,136,103. They 
5 preferably include at least one having 8 or more 
carbons. More preferably, they include at least 2 
groups of 8 or more carbons or at least one group of 16 
or more carbons. Most preferably they include at least 
one group of 18 or more carbons. Illustrative of these 
10 phosphonium cations are octyltributylphosphonium, 
hexadecyltributylphosphonium and 

vinylbenzyltriethylphosphonium. One or more of the 
moieties may be polymer-reactive. Illustrative of 
preferred phosphonium cations having reactive moieties 

15 are bis-(dimethylaminopropyl) dodecyl is 
obutylphosphonium and bis-(hydroxypropyl) 
octadecylisabutyl phosphonium) . 

The swelling/compatibilizing agents are preferably 
selected from the group consisting of primary and 

20 secondary ammonium cationic complexes of the formula: 

+ NH 3 Ri or +mjR& 

wherein: 

Ri is an aliphatic radical having at least about 15 
aliphatic carbon atoms, said radical optionally 

25 including one or more heteroatoms, carbonyl functions 
or a combination thereof; and 

R 2 and R 3 are the same or different and are 
aliphatic radicals having at least about four aliphatic 
carbon atoms, or R 2 and R 3 together may form a divalent 

30 alipahtic chain having at least about four aliphatic 
carbon atoms forming an alicyclic structure, said 
radical or chain optionally including one or more 
heteroatoms, carbonyl function or a combination 
thereof. 

35 In the preferred embodiments of the invention R { is 

an aliphatic radical having at least about 18 carbon 
atoms, said aliphatic radical optionally includes one 
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or heteroatoms , carbonyl functions or a combination 
thereof ; and 

R2 and R 3 are the same or different and are 
aliphatic radicals having at least five aliphatic 
5 carbon atoms or R 2 and R 3 together may form a divalent 
aliphatic chain having at least about five aliphatic 
carbon atoms, said aliphatic radicals and chain may 
optional include one or more heteroatoms, carbonyl 
functions or a combination thereof- 
10 In the particularly preferred embodiments of the 

invention R,, R 2 and R 3 are the same or different and 
are cyclozlkyl, cycloalkenyl, cycloalkynyl, alkyl, 
alkenyl or alkynyl or a moiety of the formula: 

•Ri i™Zi™Rj2 

15 or R 2 and R 3 together may form a divalent moiety of the 
formula: 

-R u -, -Rn-Zi-Rn- or -Ru-Zj- 
completing an atcyclic ring, wherein: 

-R u - is the same or different at each occurrence 
20 and is divalent, alkylene, cycloalkylene, 
cycloalkenylene, alkenylene or alkynylene; 

-R 12 is alkyl, alkylaryl, alkoxyaryl, alkenyl, 
alkynyl, aryl, cycloalkyl, or cycloalkenyl; 

-Z r is -0-, -NR I3 -, - + N(R 13 ) 2 -, -S-, -S(0) 2 , -OC(0)- 
25 or -N(R l3 )C(0)- and 

R 13 is hydrogen or alkyl having from 1 to about 4 
carbon atoms. 

In the most preferred embodiments of the invention: 
Rj-, R 2 and R 3 are the same of different and are 
30 alkyl; or R 2 and R 3 together may form a divalent moiety 
of the formula: 

-R u - OR -R U ~Z 1 -R U - 
-R n - is alkylene; 
Z, is -0-, -NH- or - + (Ri 3 ) 2 -; 
35 R J3 is hydrogen or alkyl of from 1 to about 4 carbon 

atoms* 
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about 200 mmole/100 g. m the case of the preferred 
smectite clay minerals, the more preferred amounts are 
from about 80 mraole/100 g to about 120 mmole/100 g of 
layered material. 
5 Swellable and polymer-compatible intercalated 

layered material can be formed by any method. 
Preferably such materials are formed by intercalation 
of suitable agents or agents in the interlayer spaces 
of the swellable layered material by any suitable 
10 method. The swelling/compatibilizing agents are 

introduced into the interlayer spaces of the swellable 
layered material by any suitable method as, for 
example, by either insertion of neutral molecules or by 
ion exchange with ionic molecules, using conventional 
15 procedures • Insertion of neutral molecules may be 

performed by exposing finely divided layered material 
to intercalants in the form of a gas, neat liquid, 
finely divided solid, or solute in a solvent which, 
preferably swells the layered material. Insertion is 
20 generally aided by exposure of the mixture of 

intercalant and layered material to heat, ultrasonic 
cavitation, or microwaves. Ion exchange by ionic 
molecules may be performed by suspending the layered 
material in a relatively volatile liquid which is 
25 capable of both exfoliating and dispersing the layers 
of the intercalated layered material and dissolving a 
salt of the ionic intercalant as well as the resulting 
salt of the ion displaced from the layered material 
(e.g.,_Na + , Mg +2 , Ca +2 ) , adding the salt of the ionic 
30 intercalant, and removing the layered material (now 
complexed with the new intercalant) from the liquid 
(now containing the dissolved salt of the displaced 
ion). For example, swellable layered minerals such as 
montmorillonite and hectorite (having primarily Na + 
35 cations in the interlayer spaces) intercalate water to 
the point that the layers are exfoliated and dispersed 
uniformly in water. Dispersion in water is generally 
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aided by mixing with relatively high shear, A suitable 
swelling/compatibilization agent such as the 
hydrochloride salt of dipentylamine is then added in 
the desired amount after which the layers complexed 
5 with the ammonium cation are separated from the 

dispersion, washed of residual NaCl, and dried. In the 
preferred embodiments of the invention, the swellable 
layered material is intercalated by ion exchange. For 
example, a suspension of a montorillonite or a saponite 

10 in water, may be heated to about 80 'C and stirred using 
a high speed homogenizer mixer, in a concentration low 
enough to yield a low viscosity dispersion from which 
non-dispersible particles can be separated by 
sedimentation (mineral concentration of about 2% by 

15 weight, or 5% to 15% with addition of a peptizing agent 
such as sodium hexametaphosphate) . The dispersion is 
combined with a solution of a suitable 

swelling/compatibilizing agent such as an ammonium salt 
(as, for example the hydrochlorides of octadecylamine, 

20 11-aminoundecanoic acid, dioctylamine, piper idine, 

dipentylamine, and the like such that the mole ratio of 
ammonium salt to exchangeable ions in the mineral is 
between 0,5 and 5, The amine-complexed layers may be 
separated from the solution by some suitable method 

25 such as filtration or centrifugation, followed by 

rinsing in fresh water, rough drying, and ball milling 
to about 100 mesh powder. The powder may be rigorously 
dried at 100 °C to 140 fl C in vacuum for 8 to 24 h in the 
presence of a drying agent such as phosphorous 

30 pentoxide, to provide the desired swellable/polymer 
compatible intercalated layered material. 

Intercalated layered materials intercalated with a 
mixture of the agents of this invention and silanes may 
be formed by treating a swellable and polymer- 

35 compatible intercalated layered material already 

intercalated with an agent of this invention with a 
silane coupling agent in a swelling liquid, such as 
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aminoethylaminopropyltrimethoxysilane (20 mmole/100 g) , 
and the like. 

The amount of intercalated layered material 
included in the mixture may vary widely depending on 
5 the intended use of the composite. The amount of 

intercalated layered material included in the mixture 
is generally at least about 0.001% by weight of the 
composite, more' preferably from about 0.01 to about 20% 
by weight of the composite and most preferably from 

10 about 0.1 to about 10% by weight of the composite. The 
amount of material employed in any particular situation 
will depend to a significant extent on the intended 
use. For example, relatively, larger amounts of 
platelet particles (exclusive of intercalant since the 

15 intercalant content in the layered material may vary) , 
i.e. from about 15% to about 30% by wgt. of the 
mixture, are used in applications where articles are 
formed by stamping. Substantially enhanced barrier 
properties and heat resistance (deflection temperature 

20 under load, DTUL) are imparted by platelet particle 
concentrations greater than about 2.5%. Similarly, 
substantially enhanced strength is imparted by platelet 
particle concentrations greater than about 1.5%. When 
it is desired to preserve such properties as toughness 

25 (impact resistance) and elongation which are generally 
adversely affected by high loadings of any filler 
material including the nano-scale layered materials of 
this invention, it is preferred that the silicate 
loading be less than about 0.5%. Particle 

30 concentration within the range 0.05 to 0.5% 

significantly enhance modulus, dimensional stability, 
and wet strength (the latter in the case of 
polyamides) . Concentrations below 0.5% can be employed 
to increase melt viscosity (useful in film extrusion 

35 and in fiber melt spinning) or they may be employed in 
selected polymers to stabilize a particular crystalline 
phase (useful in the case of nylon 6 to stabilize the 


WO 93/04117 


PCT/US92/06732 


25 

gamma phase) or limit spherulite size which reduces 
haze and increases optical clarity. In general, the 
amount of material employed is less than about 60% by 
weight of the mixture. The amount of material employed 
5 is preferably from about 0.01% to about 20 % by weight 
of the mixture, more preferably from about 0.05% to 
about 10% by weight of the mixture, and most preferably 
from about 0.05% to about 8% by weight. 

The second essential ingredient of the flowable 
10 mixture is a melt processible polymer. Polymers for 
use in the process of this invention may vary widely, 
the only requirement is that they are melt processible. 
As used herein, a "polymer" is a substance composed of 
ten or more recurring monomeric units which may be the 
15 same or different which is melt processible, preferably 
at a temperature equal to or greater than about 220 *C, 
preferably equal to or greater thana bout 230 °c, more 
preferably from about 230* to about 320 "C, and most 
preferably from about 240* to about 290'. in the 
20 preferred embodiments of the invention, the polymer 
includes at least twenty recurring monomeric units. 
The upper limit to the number of recurring monomeric 
units is not critical, provided that the melt index of 
the polymer under use conditions is such that the 
25 polymer forms a flowable mixture. More preferably, the 
polymer includes at least about 30 recurring monomeric 
units* In the most preferred embodiments of this 
invention the number of recurring units is such that 
the polymer has a melt index of from about 0.01 to 
30 about 12 grams per 10 minutes at the processing 
temperature. 

Useful polymers are thermoplastic polymers or 
mixtures thereof, and vulcanizable and thermoplastic 
rubbers. Thermoplastic resins for use in the practice 
35 of this invention may vary widely. Illustrative of 
useful thermoplastic resins are polylactones such as 
poly(pivalolactone) , poly (caprolactone) and the like; 
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polymerization product of diols such as glycerin, 
trimethylol-propane, l, 2, 6-hexanetriol, and the like 
with a polyisocyanate such as 2 , 4-tolylene 
diisocyanat.e, 2,6-tolylene diisocyante, 4,4 ! - 
5 diphenylmethane diisocyanate, 1, 6-hexamethylene 

diisocyanate, 4 , 4 ' -dicycohexylmethane diisocyanate and 
the like; and polysulfones such as the reaction product 
of the sodium salt of 2,2-bis(4-hydroxyphenyl) propane 
and 4 , 4 1 -dichlorodiphenyl sulfone; furan resins such as 

10 poly (furan); cellulose ester plastics such as cellulose 
acetate, cellulose acetate butyrate, cellulose 
propionate and the like; silicones such as 
poly (dimethyl siloxane) , poly (dimethyl siloxane) , 
poly (dimethyl siloxane co-phenylmethyl siloxane), and 

15 the like; protein plastics; and blends of two or more 
of the foregoing. 

Vulcanizable and thermoplastic rubbers useful in 
the practice of this invention may also vary widely. 
Illustrative of such rubbers are brominated butyl 

20 rubber, chlorinated butyl rubber, polyur ethane 

elastomers, f luoroelastomers , polyester elastomers, 
butadiene/acrylonitrile elastomers, silicone 
elastomers, poly (butadiene) , poly (isobutylene) , 
ethylene-propylene copolymers , ethy lene-propylene-diene 

25 terpolymers, sulfonated ethylene-propylene-diene 
terpolymers, poly(chloroprene) , poly(2,3- 
dimethylbutadiene) , poly(butadiene-pentadiene) , 
chlorosulphonated poly (ethylenes) , poly (sulfide) 
elastomers, block copolymers, made up of segments of 

30 glassy or crystalline blocks such as poly (styrene) , 
poly (vinyl-toluene) , poly(t-butyl styrene), polyester 
and the like and the elastomeric blocks such as 
poly (butadiene) , poly (isoprene) , ethylene-propylene 
copolymers, ethylene-butylene copolymers, polyether 

35 ester and the like as for example the copolymers in 
poly (styrene) -poly (butadiene) -poly (styrene) block 
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copolymer manufactured by Shell Chemical Company under 
the trade name of Kraton® 

In the preferred embodiments of the invention, the 
polymers of choice are polymers and copolymers of 
5 olefins, polyesters, polyamides and blends thereof. In 
the particularly preferred embodiments of the 
invention, polymers and copolymers of ethylene and 
propylene (preferably polyethylene) and poly (propylene) 
and more preferably polyethylene, polyamides 
10 (preferably nylon 6 and nylon 66 and more preferably 
nylon 6) , and blends thereof are used* 

The particular preferred polyamide useful in the 
preferred embodiments of the invention has a melt index 
from about 0.01 to about 10 grams/10 minutes, and 
15 preferably from 0.5 to 10 grams/10 minutes as measured 
by ASTM Test No. D-1238 at a load of 1000 grams at 
235 "C. Amongst these particularly preferred 
embodiments, most preferred are those embodiments in 
which the polyamide is nylon 6 or nylon 66, with nylon 
20 6 being the polyamide of choice. The particularly 
preferred homopolymers or copolymers of ethylene and 
propylene have a melt index of from about 0.01 to about 
1.0 grams per 10 minutes, preferably from about 0.05 to 
about 0.8 grams per 10 minutes as measured according to 
25 ASTM Test No. D1238 at a load of 2160 grams at 190 °C. 
Amongst these particularly preferred embodiments, most 
preferred are those in which the polymer is 
polyethylene or polypropylene, with polyethylene being 
the polymer of choice. 
30 The mixture may include various optional components 

which are additives commonly employed with polymers. 
Such optional components include nucleating agents, 
fillers, plasticizers, impact modifiers, chain 
extenders, plasticizers, colorants, mold release 
35 lubricants, antistatic agents, pigments, fire 

retardants, and the like. These optional components 
and appropriate amounts are well known to those of 
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skill in the art, accordingly , only the preferred 
optional compon nts will be described herein in detail. 

In. the second step of the process of this 
invention, the flowable mixture is subjected to a shear 
5 having an "effective shear rate". As used herein, an 
"effective shear rate" is a shear rate [as shear rate 
is defined in Ferdinand Rodriguez, "Principles of 
Polymers Systems", McGraw-Hill Book Company, New York 
(1982)] which is effective to delaminate at least about 

10 90% by weight of the intercalated material to form 
platelet particles described above, and provide a 
composition comprising a polymeric matrix having 
platelet particles substantially homogeneously 
dispersed therein. In the preferred embodiments of the 

15 invention, the shear rate is greater than about 10 sec 
l . In these preferred embodiments of the invention, 
the upper limit for the shear rate is not critical 
provided that the shear rate is not so high as to 
physically degrade the polymer. In the particularly 

20 preferred embodiments of the invention, the shear rate 
is from greater than about 10 sec* 1 to about 20,000 sec" 
! , and in the most preferred embodiments of the 
invention the shear rate is from about 100 sec' 1 to 
about 10,000 sec" 1 . 

25 Any method which can be used to apply a shear to a 

flowable mixture or any polymer melt can be used. The 
shearing action can be provided by any appropriate 
method, as for example by mechanical means, by thermal 
shock,_by pressure alteration , or by ultrasonics . 

30 Methods useful in shearing melts are known in the art, 
and will not be described in great detail. In 
particularly useful procedures, the flowable polymer 
mixture is sheared by mechanical methods in which 
portions of the melt are caused to flow past other 

35 portions of the mixture by use of mechanical means such 
as stirrers, Banbury® type mixers, Brabender® type 
mixers, long continuous mixers, and extrudes. Another 
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procedure employs thermal shock in which shearing is 
achieved by alternatively raising or lowering the 
temperature of the mixture causing thermal expansions 
and resulting in internal stresses which cause the 
5 shear. In still other procedures, shear is achieved by 
sudden pressure changes in pressure alteration methods; 
by ultrasonic techniques in which cavitation or 
resonant vibrations which cause portions of the mixture 
to vibrate or to be excited at different phases and 
10 thus subjected to shear • These methods of shearing 
f lowable polymer mixtures and polymer melts are merely 
representative of useful methods , and any method known 
in the art for shearing f lowable polymer mixtures and 
polymer melts may be used. 
15 In the preferred embodiments of the invention, 

mechanical shearing methods are employed such as by 
extrusion, injection molding machines, Banbury® type 
mixers, Brabender® type mixers and the like. In the 
more preferred embodiments of the invention, shearing 
20 is achieved by introducing the polymer melt at one end 
of the extruder (single or double screw) and receiving 
the sheared polymer at the other end of the extruder. 
The temperature of the polymer melt, the length of the 
extruder, residence time of the melt in the extruder 
25 and the design of the extruder (single screw, twin 
screw, number of flights per unit length, channel 
depth, flight clearance, mixing zone etc.) are several 
variables which control the amount of shear to be 
applied. 

30 Upon subjecting a f lowable mixture of said 

swellable intercalated layered material and said 
polymer melt to shear mixing, at least about 80% by 
weight, preferably at least about 85% by weight, more 
preferably at least about 90% by weight and most 

35 preferably at least about 95% by weight of the layers 
of the material delaminate to form platelet particles 
substantially homogeneously dispersed in the polymer 
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matrix. As used herein, "platelet particles" are 
particles having two relatively flat opposite faces 
wherein the thickness of which is the distance between 
the faces, which is relatively small compared to the 
5 size of the faces. As formed by this process, the 
platelet particles dispersed in matrix polymers have 
the thickness of the individual layers, or small 
multiples less than about 10 , preferably less than 
about 5 and more preferably less than about 3 of the 

10 layers, and still more preferably 1 or 2 layers. In 
the preferred embodiments of this invention, 
intercalation of every interlayer space is complete so 
that all or substantially all individual layers 
delaminate one from the other to form separate platelet 

15 particles. In cases where intercalation is incomplete 
between some layers, those layers will not delaminate 
in the polymer melt, and will form platelet particles 
comprising those layers in a coplanar aggregate. These 
latter platelet particles still constitute nanoscale 

20 and nanodispersed fillers and provide enhanced 
properties over and above those provided by 
conventional micro-scale fillers, as long as they are 
less than about 10 layers thick and preferably less 
than 5 layers thick. The other dimensions of the 

25 platelet particles may vary greatly, but in the case of 
particles derived from clay minerals, the particle 
faces are roughly round or oblong having average 
diameters between about 10,000 A and about 50 A, such 
that the aspect ratio length/thickness ranges from 

30 about 1000 to about 1. For the purposes of the present 
invention, the average diameter is defined as the 
diameter of a circle having an area equal to the 
surface area of one broad surface face of the platelet 
shaped particle. The average diameter is determined 

35 from particle surface area as measured with a Leitz 
Texture Analyzer System in a fully computerized and 
automated' mode . In the preferred embodiments of the 


WO 93/04117 


PCT/US92/06732 


32 

invention the average thickness of the platelet 
particles is equal to or less than about 20 A and the 
average diameter is between 5,000 A and 100 A. Most 
preferably the average thickness is about 10 A. The 
5 most preferred average diameter depends on both the 
desired property of the nanocomposite and the ease of 
complete intercalation and delamination to form the 
nanocomposite structure. High aspect ratios, and 
therefore large average diameters, are generally 

10 preferred for reinforcement and barrier properties, 
while layered materials having smaller platelets are 
preferred for their ease of delamination. Thus, for 
purposes of the nanocomposite properties, the most 
preferred average diameter is greater than about 150 A, 

15 and, for purposes of delamination, it is less than 
about 3000 A. 

The average interparticle spacing between 
delaminated layers may vary widely after shearings, 
depending on the concentration of layered material. In 

20 general the higher the concentration of layered 

material in the polymer matrix particle the smaller the 
interparticle spacing; and conversely, the lower the 
concentration of layered material, the larger the 
interparticle spacing. In general, interparticle 

25 spacing is equal to or greater than ISA. The 

interparticle spacing is preferably equal to or greater 
than about 20A more preferably equal to or greater than 
about 3oA and most preferably equal to or greater than 
about_J50A. 

30 As used herein "uniformly dispersed" is defined as 

a degree of dispersion of the platelet shaped particles 
having a standard deviation in platelet particle 
density, down to a sampling volume of 10' 15 jn 3 , which is 
preferably less than about 50% of the mean, more 

35 preferably less than about 30% of the mean, and most 
preferably less than about 20% of the mean as 
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c^rermined from estimates based on transmission 
electron microscopy. 

The process of this invention is preferably carried 
out in the absence of air, as for example in the 
5 presence of an inert gas, such as, argon, neon, 

nitrogen or the like. The process can be carried out 
in a batchwise or discontinuous fashion, as for 
example, carrying out the process in a sealed 
container. Alternatively, the process can be carried 

10 out in a continuous fashion in a single processing 

zone, as for example by use of an extruder, from which 
air is largely excluded, or in a plurality of such 
reaction zones in series or parallel. 

The nanocomposites of this invention exhibit useful 

15 properties which are superior to those predicted by 
U.S. Patent Nos. 4,739,007 and 5,810,734. Various 
useful performance indices can be devised in order to 
jointly assess different performance aspects using a 
single number. Depending upon the nature of the 

20 devised index, comparisons can be made either between 
samples containing the same loading of layered material 
or the index can be more broadly applied to polymers 
having different loadings of clay. For example, the 
effect of adding nanoscale particulate fillers 

25 dispersed platelet particles to a polymer typically 

increases tensile modulus and ultimate tensile strength 
while decreasing ultimate elongation. In the case 
where combinations of high modulus (Y) and high 
ultimate elongation (aL/L) are required, a useful 

30 performance index for comparing samples with similar 

particulate loading is Y(aL/L). Likewise, when tensile 
strength (S) combined with high ultimate elongation is 
sought, a useful performance index for comparing 
samples with similar loading levels is S(aL/L). The 

35 preferred embodiments of the present invention provide 
a Y(aL/L) of above about 660 MPa (preferably equal to 
or greater than about 800 MPa more preferably equal to 
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or greater than about 1000 MPa and most preferably 
equal to or greater than about 1200 MPa) for a loading 
of about 2% of nanodispersed layered material such as 
montmorillonite in a melt processible polymer such as 
5 nylon 6, In contrast, the prior art patents on in- 
reactor nanocomposite blends (U.S. 4 r 739 ,007 and U.S. 
4 , 810 , 734} provide a maximum Y(aL/L) of about 660 MPa. 
Also, preferred embodiments of the present invention 
provide a S(aL/L) of above about 20 MPa (preferably 

10 equal to or greater than about 25 MPa and more 

preferably equal to or greater than about 30 MPa) for a 
loading of about 2% intercalated layered material such 
as montmorillonite, while the maximum value for this 
figure of merit obtained in the above mentioned in- 

15 reactor process patents is about 20 MPa at 2% loading. 
While we do not wish to be bound by any theory, it is 
believed that the unique properties of the 
nanocomposites of this invention result from the use of 
swelling/compatibilizing agents which do not react to 

20 become part of the main chain of the matrix polymer (as 
do the swelling agents preferred in the prior art U.S. 
4,739,007 and U.S. 4,810,734) when used in the in- 
reactor processes. Instead, the preferred 
swelling/compatibilizing agents of this invention, 

25 which remain bonded to the particle surface, interact 
with the matrix polymer in one or more of the following 
ways: (1) covalent bond formation to form branches on 
the main chains of the matrix polymer, (2) hydrogen, 
ion-dipole, and dipole-dipole bonding with portions of 

30 the matrix polymer, and (3) Van der Waals attraction 
and entanglement with the matrix polymer. 
Nanocomposites having particularly attractive 
combinations of modulus, tenfeile strength and ultimate 
elongation are formed using swelling/compatibilizing 

35 agents, under category (3) above, which are bonded to 
the particle surface, and whose polymer- interacting 
moiety projects away from the particle surface and is 
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only weakly bonded to the matrix polymer. This 
function is best performed by secondary ammonium 
compounds of the formula + NH 3 Rj primary ammonium 
compounds of the formula: + NH 2 R 2 R 3 and quaternary 
5 phosphonium compounds of the formula + PR 4 R 5 R 6 R 7 of the 
type having a lipophilic moiety such that the surface 
tension, at 20 °C, of the derivatized particle is less 
than about 55 dyne/cm r preferably between about 55 and 
15 dyne/ cm, and more preferably between about 45 and 20 

10 dyne/cm, as determined by measuring the contact angles 
made by sessile drops of liquids on solid surfaces* 
Illustrative of these preferred secondary ammonium 
compounds, primary ammonium compounds and quaternary 
phosphonium of the formula: 

15 + NH 3 R I# NHjR^j or + PR# S R«R I 

wherein R lr at least one of Rj and R3 or at least one of 
R4/ Rs# *6 and R 7 is alkyl, alkenyl, cycloalkyl, 
alkoxyalkyl, alkynyl, phenylalkyl, alkoxyphenyl , 
alkenylphenyl , phenylalkeny 1 , phenyalkyny 1 , 

20 alkynylphenyl or the like, preferably alkyl which 
include sufficient number of aliphatic carbon atoms 
such that the radical on the particle has a surface 
tension at 20 *C of less than about 55 dyne/cm. 

The nanocomposite compositions according to the 

25 invention are thermoplastic and, in some cases, 

vulcanizable materials from which molded articles of 
manufacture having valuable properties can be produced 
by conventional shaping processes, such as melt 
spinning, casting, vacuum molding, sheet molding, 

3 0 injection molding and extruding. Examples of such 

molded articles are components for technical equipment, 
apparatus castings, household equipment, sports 
equipment, bottles, containers, components for the 
electrical and electronics industries, car components, 

35 circuits, fibers, semi-finished products which can be 
shaped by machining and the like. The use of the 
materials for coating articles by means of powder 
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coating processes is also possible, as is their use as 
hot-melt adhesives. The molding compositions according 
to the invention are outstandingly suitable for 
specific applications of all types since their spectrum 
5 of properties can be modified in the desired direction 
in manifold ways. Such molded products of this 
invention will derive one or more advantages over 
products molded with polymers having no nanodispersed 
platelet particles including increased modulus, 
10 stiffness, wet strength, dimensional stability, and 
heat deflection temperature, and decreased moisture 
absorption, f lammability, permeability, and molding 
cycle time. 

The molding compositions according to the invention 

15 are outstandingly suitable for the production of sheets 
and panels having valuable properties. Such sheets and 
panels may be shaped by conventional processes such as 
vacuum processing or by hot pressing to form useful 
objects. The sheets and panels according to the 

20 invention are also suitable as coating materials for 
other materials comprising, for example, wood, glass, 
ceramic, metal or other plastics, and outstanding 
strengths can be achieved using conventional adhesion 
promoters, for example, those based on vinyl resins. 

25 The sheets and panels can also be laminated with other 
plastic films and this is preferably effected by co- 
extrusion, the sheets being bonded in the molten state. 
The sur faces of the sheets and panels, including those 
in th^embossed form, can be improved or finished by 

30 conventional methods, for example by lacquering or by 
the application of protective films. 

The compositions of this invention are especially 
useful for fabrication of extruded films and film 
laminates, as for example, films for use in food 

35 packaging. Such films can be fabricated using 

conventional film extrusion techniqueis. The films are 
preferably from about 10 to about 100 microns, more 
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preferably from about 20 to about 100 microns and most 
preferably from about 25 to about 75 microns in 
thickness. In the film, the major plane of the 
platelet fillers is substantially parallel to the major 
5 plane of the film. The extent of parallelism of 

particles and film can be determined by X-ray analysis. 
X-ray analysis is a useful way to described the 
crystallinity and orientation of polymer crystals and 
the orientation of platelet particles. A convenient 

10 method of X-ray analysis is that described in Hernans, 
P.H. and Weidinger A., Makromol Chemie . Vol. 44, pp. 
24-36 (1961) , hereby incorporated by reference. 

For the purpose of the present invention Op, the 
platelet orientation factor, is an indication of the 

15 platelet particle orientation in the film. The Op was 
determined by making azimuthal scans from densitometer • 
tracings of the X-ray photographs which were obtained 
by exposing the edge of the film to the incident X- 
rays. The angle is the angle between the reference 

20 direction, the normal to the film, and the normal to 

the plane of interest, the major plane of the platelet. 
The Op values were calculated as the average cosine 
square (<cos 2 >) for the normal to the flat faces of the 
platelet particles. An Op of 1.0 indicates that the 

25 faces of the platelets are completely parallel to the 
plane of the film. An Op of 0.0 indicates that the 
faces of the platelets are perpendicular to the plane 
of the film. The Op of the platelets in the film of 
the present invention is preferably from about 0.70 to 

30 about 1.0, more preferably from about 0.90 to about 1.0 
and most preferably from about 0.95 to about 1.0. Such 
preferred orientation of platelet particles results in 
enhanced barrier properties and increased tare 
strength. 

35 The homogeneously distributed platelet particles 

and polymer are formed into a film by suitable film- 
forming methods. Typically, the composition is melted 
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and forced through a film forming die. The die can be 
a flat die or a circular die. A typical flat die is a 
hanger shaped die, and a typical circular die is a 
tubular film die* 
5 The film of the nanocomposite of the present 

invention may go through steps to cause the platelets 
to be further oriented so the major planes through the 
platelets are substantially parallel to the major plane 
through the film. A method to do this is to biaxially 

10 stretch the film. For example, the film is stretched 
in the axial or machine direction by tension rollers 
pulling the film as it is extruded from the die. The 
film is simultaneously stretched in the transverse 
direction by clamping the edges of the film and drawing 

15 them apart. Alternatively, the film is stretched in 
the transverse direction by using a tubular film die 
and blowing the film up as it passes from the tubular 
film die. The films of this invention may exhibit one 
or more of the following benefits: increased modulus, 
20 wet strength, and dimensional stability, and decreased 
moisture adsorption and permeability to gases such as 
oxygen and liquids such as water, alcohols and other 
solvents. 

The following specific examples are presented to 
25 more particularly illustrate the invention and are not 
to be construed as limitations thereon. 

EXAMPLE 1 

A^nylon 6 nanocomposite of a layered material 
30 derivatized with a secondary ammonium cation was 

prepared by compounding, in a melt extrusion process, 
nylon 6 (Capron 8209F obtained from Allied-Signal) with 
4% (w/w) of montmorillite derivatized with dipentyl 
ammonium cation. 
35 The organoclay was prepared by combining an aqueous 

solution of dipentyl ammonium chloride with a 5% 
aqueous dispersion of montmorillonite (Gel White HNF, 


WO 93/04117 


PCT/US92/06732 


39 

obtained from Southern Clay Products) at about 80 *c 
with high shear mixing. The stoichiometry of the 
exchange reaction was 0.125 mole of the dipentyl 
ammonium chloride per lOOg of clay. The organoclay 
5 flocculated immediately and, after standing overnight 
at room temperature, was collected by filtration. The 
organoclay was washed 4 times with hot water until free 
of chloride ions, dried in air at 120 W C, ground to pass 
through a 75 micron sieve, and further dried at 120 °c 

10 (full vacuum) for 18 hours just prior to compounding. 
Samples of the montmorillonite-dipentyl ammonium cation 
complex powder were evaluated by thermogravimetric 
analysis at a heating rate of 10 degree C per minute in 
inert atmosphere. The apparent decomposition 

15 temperature and the extent of decomposition during 
heating to 300°C are set forth in Table 1. 

TABLE 1 

THERMOGRAVIMETRIC ANALYSIS OF 
20 INTERCALATED MONTMORILLQNITES 

. 4 


Exp. 
NO. 

swell ing/compatibilizing 
cation 

decomposition 
onset 

temperature 
(C) 

weight loss 
between 100 
and 300°C 
(% of total 
onium ion 
content) 

1 

dipentyl ammonium 
(secondary) 

275 

5.6 


25 

a, Claytone APA (montmorillonite complex) obtained from 

Southern Clay Products. 

AcfCording to the results summarized in Table 1, the 

montmorillonite complex of the secondary ammonium 
30 cation was more thermally stable than either the 

tertiary or the quaternary ammonium cation complexes. 

The montmorillonite-dipentyl ammonium cation complex 

powder was dry mixed with nylon 6 pellets, and this 

mixture was extruded using a Leistritz twinscrew 
35 extruder equipped with general purpose screws. The 
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10 


15 


20 


25 


30 


35 


extruder was adjusted as follows: heat zones 1 - 9 at 
220-230'C, die 250*0, RPM 250- The pelletized 
extrudate was molded into test samples • Dry as molded 
samples were tested for their tensile properties 
according to the procedures of ASTM D638, and for their 
heat deflection temperature under a load of 264 psi 
(DTUL 264 psi) according to the procedures of ASTM 
D648. The results are set forth in Table 2. 

TABLE 2 

NYLON 6 -MONTMORILLONITE NANOCOMPOSITES 



iweiling 

weight % 

Tensile 

Tensile 

Uttianie 

DTUL 

No. 

/coinpttib Sizing 

mootmoriUooitr* 

Modulus, psi 

Strength, psi 

Eloogtttoo % 

264 


•feat 


(MPs) 

<MPi) 


pet, C 



2.95 

489400 

11.600 

44 

n 




(3470) 

(SO) 




a. Determined by Loss on Ignition. 


According to the results summarized in Table 2, the 
montmorillonite complex of the secondary ammonium 
cation imparted superior elongation along with 
comparable tensile modulus, tensile yield strength, and 
heat deflection under load to those exhibited by nylon 
6 nanocomposites of montmorillonite complexed with an 
acidic omega-aminoacid. 

COMPARATIVE EXAMPLE 1 
A tertiary alkylammonium cation complex of 
montmorillonite was prepared according to the procedure 
of Example 1 except that an aqueous solution of 
dimethyldodecylamine hydrochloride was added to the 
montmorillonite dispersion. The dried, powdered 
complex was tested by thermogravimetric analysis, and 
the results are set forth in Table 3. For comparison 
purposes, a quaternary alkylammonium cation complex 
obtained from Southern Clay Products Inc. under the 
Trademark Claytone APA was also subjected to 
thermogravimetric analysis. The results for these 


41 


analysis together with the thermogravimetric results 
from Table l of Example 1 are set forth in Table 3. 

TABLE 3 

THERMOGRA VIMETR TP ANALYSTS OP 
INTERCAI. ATEDMQWT Mf >RILLOWTTBg 


Exp* 
No. 

swelling/ 

compatibilizing 

cation 

decomposition 
onset 

temperature 
<C) 

weight loss 
between 100 
and 300°C (% 
of total onium 
ion content) 

1 

dipentyl 
ammonium 
(secondary) 

275 

5.6 

2 

dimethyldodecyl 

ammonium 

(tertiary) 

190 

27.8 

3 

a _ ri 

quaternary 
alky 1 ammonium* 

220 

38.5 


from Souther Clay Products. 


COMPARATIVE EXAMPLE 2 

A nylon 6 nanocomposite of a layered material 
derivatized with an acidic omega-aminoacid cation was 
prepared by compounding, in a melt extrusion process, 
nylon 6 with about 3% (w/w) of montmorillite 
derivatized with protonated 11-aminoundecanoic acid 
cation. The montmorillonite complex was prepared, 
compounded, molded and tested according to the 
procedure of Example 1 except that an aqueous solution 
of 11-aminoundecanoic acid hydrochloride was used. The 
results of the tests are set forth in Table 4. For 
comparison purposes, nylon 6 was subjected to analysis 
of ultimate elongation, tensile modulus, tensile 
strength, and heat deflection under load. These 
results, together with comparable data for nylon 6 
having montmorillnite dipentyl ammonium cation complex 
are set forth in the following Table 4. 
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TABLE 4 

NYLON 6-MONTMORILLONITE NANOCOMPO SITES 


5 

no; 

j fw«l]i0y/com 
j tgtat 

weight % 
mootxDorilloQ 

Tensile 
Modulus, 
ptt (MPa) 

Tensile 
Strength, 
pn (MPi) 

Ultimate 

Boogatioa 

S 

DTUL 
264 pa, C 


i 


2.95 

489,300 

11,600 
(80) 

44 

72 


% 

acidic 11- 

vxudx>* 

undcciootc 

2-5 

498.000 
(3.440) 

11,600 
(80) 

12 

75 

10 









3 

Nyloo6 

0 

350.000 
(2,414) 

9,500 
(66) 

26 

55 


a. Determined by Loss on Ignition. 


15 


According to the results summarized in Table 4, the 
20 montmorillonite complex of the secondary ammonium 
cation imparted superior elongation along with 
comparable tensile modulus, tensile yield strength, and 
heat deflection under load to those exhibited by nylon 
6 nanocomposites of montmorillonite complexed with an 
25 acidic omega-amino acid. 


WO 93/04117 


PCT/US92/06732 


43 

WHAT IS CLAIMED Ifls 

1. Composite material comprising a polymer matrix 
which comprises a polymer matrix and dispersed platelet 
particles having an average thickness of less than 50 A 

5 and a maximum thickness of about 100 A, and having an 
onium chemical species bonded to them, said chemical 
species selected from the group consisting of onium 
compounds of the formula: 

+ NH 3 R U + NH 2 R2R 3 and -^R^Ry 

10 wherein: 

R t is an organic radical having at least about 12 
aliphatic carbon atoms and optionally including one or 
more heteroatoms, carbonyl functions or a combination 
thereof; 

15 R 2 and R 3 are the same or different at each 

occurrence and are organic radicals at least one of 
which having at least about 5 carbon atoms and 
optionally including one or more heteroatoms, carbonyl 
functions or a combination thereof; and 

20 R4, R 5 , R* and R 7 are the same or different and are 

organic radicals at least one of which has eight or 
more aliphatic carbon atoms and optionally including 
one or more heteroatoms, carbonyl functions or a 
combination thereof, said platelet particles being 

25 present in an amount less than about 60% by weight of 
the composite material, 

2. Composite material of claim 1, wherein said 
platelet particles are derived from phyllosilicates. 

3 V _ Composite material of claim 2, wherein said 
30 phyllosilicates are smectites clay minerals, 

4, Composite material of claim 3, wherein said- 
swelling/ compatibili zing agent is selected from the 
group consisting of primary and secondary ammonium 
cationic complexes of the formula: 
35 + NH 3 R, or + NH 2 R 2 R 3 

wherein : 
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R, is an aliphatic radical having at least about 15 
carbon atoms, said aliphatic radical optionally 
includes one or more heteroatoms, carbonyl functions or 
a combination thereof; and 
5 R 2 and R 3 are the same or different and are 

aliphatic radicals having at least about five aliphatic 
carbon atoms or R 2 and R 3 together may form a divalent 
aliphatic chain having at least about five aliphatic 
carbon atoms, said aliphatic radicals and chain may 
10 optionally include one or more heteroatoms, carbonyl 
functions or a combination thereof. 

5. Composite material of claim 4, wherein: 
R w R 2 and R 3 are the same or different and are 
cycloalkyl, cycloalkenyl, cycloalkynyl, alkyl, alkenyl, 
15 alkynyl or a moiety of the formula: 

-R u -Z 1 -R 12 

or R 2 and R 3 together may form a divalent moiety of the 
formula: 

"Ru-/ -R u -21— R n — or — R n — Zj— 
20 completing an atcyclic ring, t wherein: 

-R u - is the same or different at each occurrence 
and is divalent alkylene, cycloalkylene, 
cycloalkenylene, alkenylene or alkynylene; 

R u is alkyl, alkylaryl, alkoxyaryl, alkenyl, 
25 alkynyl, aryl, cycloalkyl, or cycloalkenyl; 

"Zr is -0-, -NR 13 -, -+N(R l3 ) 2 -, -S-, -S(0) 2 , -OC(O)- 
or -N(R 13 )C(0)- and 

R i3 is hydrogen or alkyl having from 1 to about 4 
carbon -atoms, 

30 6. Composite material as defined in claim 1, 

wherein said matrix polymer is selected from the group 
consisting of polyamides; polyesters; polycarbonates; 
celluloses; polyolefins; phenolics; poly (urethanes) ; 
poly (sulf ones } ; poly (etherether ketones) ; 

35 poly(esteramides) ; poly (phenylenesulf ides) ; 

poly(amideimides) ; polyacetals; poly (alkylene oxides); 
poly(phenylene oxides); and poly (imides) . 
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7. Composite material of claim 6, wh rein said 
polymeric matrix comprises a polyamide, a polyester, a 
polyolefin, or a combination thereof. 

8. Composite material of claim 7, wherein said 
5 polymeric matrix comprises poly (ethylene 

terephthalate) , poly (ethylene naphthalate) , 
polyethylene, polypropylene, nylon 6, nylon 6,6, nylon 
12 or a combination thereof. 

9. An article of manufacture comprising a body, 
10 said body fabricated, totally or in part, from a 

composite material comprising a polymer matrix which 
comprises a heat processible polymer and dispersed 
platelet particles having an average thickness of less 
than 50 A and a maximum thickness of about 100 A, and 
15 having an onium chemical species bonded to them, said 
chemical species selected from the group consisting of 
onium compounds of the formula: 

+ NH 3 Ri, + NH2RjR 3 and + PR 4 R 5 R 6 R 7 

wherein: 

20 R x is an organic radical having at least about more 

12 aliphatic carbon atoms and optionally including one 
or more heteroatoms, carbonyl functions or a 
combination th.exr.eof; 

R 2 and R 3 are the same or different at each 

25 occurrence and are organic radicals having at least 
about 5 carbon atoms and optionally including one or 
more heteroatoms, carbonyl functions or a combination 
thereof; and 

R4/ R5/ R* and R 7 are the same or different and are 
30 organic radicals at least one of which has 8 or more 
aliphatic carbon atoms and optionally including one or 
more heteroatoms, carbonyl functions or a combination 
thereof, said platelet particles being present in an 
amount less than about 60% by weight of the composite 
35 material. 
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10. A process for forming a polymeric composite 
which comprises platelet particles dispersed in a 
polymeric matrix, said process comprising the steps of: 

(a) forming a flowable mixture comprising a polymer 
5 melt at a temperature equal to or greater than about 

220 *C and a swellable and polymer-compatible 
intercalated layered material having an onium species 
is bonded to the surface of the layers of said material 
said onium species of the formula: 
10 + NH 3 R U "NH^a and +VBJLfifr, 

wherein: 

Rj is ah organic radical at least about 12 
aliphatic carbon atoms and optionally including one or 
more heteroatoms, carbonyl functions or a combination 

15 thereof; 

Rj and R 3 are the same or different at each 
occurrence and are organic radicals at least one of 
which having at least about 5 carbon atoms and 
optionally including one or more heteroatoms , carbonyl 

20 functions or a combination thereof; and 

R4/ R5/ and R 7 are the same or different and are 
organic radicals at least one of which has eight or 
more aliphatic carbon atoms and optionally including 
one or more heteroatoms, carbonyl functions or a 

25 combination thereof, said platelet particles being 

present in an amount less than about 60% by weight of 
the composite material; and 

(b) subjecting said mixture to a shear having a 
shear rate which is sufficient to dissociate all or a 

30 portion of said layers to form platelet particles 

having an average thickness of less than about 50 A and 
to uniformly disperse said platelet particles in said 
polymer to form said polymer composite wherein said 
platelet particles are uniformly dispersed in said 

35 matrix. 


